The fluctuations in antioxidant capacity (2,2-diphenyl-1-picrylhydrazyl, 2,2´-azinobis (3-ethylbenzthiazoline-6-sulphonic acid), and ferric reducing/antioxidant power assays), total phenol, total flavonoid, and total anthocyanin contents of 10 small fruits (sweet cherries, sour cherries, strawberries, red currants, raspberries, blackberries, hawthorn, cornelian cherries, and red and white grapes) were monitored during storage at −20
INTRODUCTION
The beneficial health effects of fruits have been ascribed to their high content of natural antioxidants belonging to the polyphenol class. [1−3] Many fruit varieties, especially berry fruits, [4, 5] have a short ripening season lasting only a few weeks requiring their use as processed fruits in the off-season. Freezing is one of the most important ways that fruits retain quality during long-term storage. [6] Certain fruits that are harvested for processing purposes, such as raspberries, are frozen before their integration in a wide range of processed products, such as yogurts, jams, jellies, and dessert toppings. [7] During freezing, most of the liquid water changes into ice thus reducing microbial and enzymatic activities, oxidation, and respiration. [8] After freezing, food products tend to maintain their nutritional properties very similar to those of fresh fruit, however, freezing almost always causes physical and chemical changes in fruits. [8] Aroma and taste/flavor are the main factors that influence consumer's acceptance of frozen fruits; therefore, research studies were mostly focused on the effects of long-term storage at −20
• C on aroma compounds of frozen fruits. [6] 22 ŠAMEC AND PILJAC-ŽEGARAC As mentioned earlier, fruits are also important sources of phytochemicals in the human diet, especially polyphenols that possess high antioxidant capacity. However, only a few authors have studied the chemical changes and stability of polyphenolic compounds taking place during long-term frozen storage of fruits. The stability of phenolic compounds was studied immediately after freezing and only for one fruit category at a time, such as in the case of Saskatoon berry, [9] raspberries, [6, 10] highbush blueberries, [11] and cherries. [12] In this study, we monitored the fluctuations in major polyphenolic subgroups (total phenols, total flavonoids, total monomeric anthocyanins) as well as antioxidant capacity of 10 small fruits during one year of frozen storage using three spectrophotometric methods (ferric reducing/antioxidant power assay [FRAP], 2,2-diphenyl-1-picrylhydrazyl [DPPH] assay, and 2,2 -azinobis (3-ethylbenzthiazoline-6-sulphonic acid) [ABTS] assay). Widely available and commonly cultivated strawberries (Fragaria ananassa), raspberries (Rubus idaeus), red currants (Ribes rubrum), cherries (Prunus avium), sour cherries (Prunus cerasus), blackberries (Rubus fruticosus), and white and red grapes (Vitis vinifera L.) were chosen for the study, as well as two wild varieties, hawthorn (Crataegus monogyna), and cornelian cherries (Cornus mas). This study was undertaken with the primary goal of evaluating the suitability of frozen storage for preservation of phytochemical content and antioxidant capacity of chosen fruit varieties, and represents a follow-up of our two earlier studies focused on the effects of refrigerated storage. [4, 13] 
MATERIALS AND METHODS

Chemicals and Instruments
Chemicals and reagents were of analytical grade and were supplied by Sigma Chemical Co. (St. Louis, MO, USA), except for FeSO 4 × 7H 2 O, Folin-Ciocalteu (Kemika, Croatia) and NaNO 2 (Laphoma, Skopje, Macedonia). A double-beam UV-VIS spectrophotometer Bio-Spec-1601 (Shimadzu Corporation, Kyoto, Japan) was utilized for all spectrophotometric measurements. The pH value of buffers was adjusted with the help of a Metrohm 744 pH meter (Metrohm Ltd., Herisau, Switzerland).
Fruit Samples and Extraction
All fruits used in this study were grown in northern Croatia (Varaždin region). Strawberries, raspberries, red currants, cherries, and sour cherries had reached full maturity in early summer (June 2009) while hawthorn, cornelian cherries, blackberries, white and red grapes ripened in early autumn (September 2009). Immediately after harvest, at full maturity, the samples were obtained from the growers and transported to Rud -er Bošković Institute for analysis. The fruits were separated from damaged or bruised counterparts and immediately taken out for analyses at t = 0. The initial analyses of fresh fruits were performed within 24 h of collection. [4, 13] Further, approximately 20 g of fruits were packed in small plastic containers (six per fruit variety) and frozen at −20
• C. After 1, 2, 3, 6, 9, and 12 months in storage at −20
• C, one container was taken out of storage and immediately used for analysis.
Next, 5 g of frozen fruits were homogenized in a blender (Bosh, Siemens, UFESA), mixed with 10 ml of extraction solvent (acetone, 70%; water, 28%; acetic acid, 2%), and extracted as reported previously. [4] All extractions were performed in triplicate.
Phytochemicals
The total phenol (TP) content of fruit extracts was determined spectrophotometrically using the Folin-Ciocalteu method [14] with gallic acid as the standard. The results were expressed per 100 g of fresh weight (mg GAE/100 g FW). The total flavonoid (TF) content of fruit extracts was determined according to the colorimetric assay, [15] adapted to small volumes. Catechin was used as the standardand the results were expressed per 100 g of fresh weight (mg CE/100 g FW). Anthocyanin quantification was performed by the pH-differential method [16] and the results were expressed as milligrams of cyanidin-3-glucoside eqivalents per 100 g of fresh weight (mg CGE/100 g FW).
Antioxidant Activity
The FRAP assay was used to estimate the antioxidant potential of tested extracts, according to the method of Benzie and Strain, [17] and the results were expressed as mmol FeSO 4 ·7H 2 O per 100 g of fresh weight (mmol Fe 2+ /100 g FW). Radical scavenging capacity was determined using two methods: the DPPH radical scavenging activity according to Brand-Williams et al. [18] and the ABTS
•+ radical cation decolorization assay according to Re et al. [19] For both methods, a synthetic vitamin E equivalent, Trolox, was used as the standard and the results were expressed as mmol Trolox equivalents per 100 g of fresh weight (mmol Trolox/100 g FW).
Statistical and Mathematical Analyses
All presented numeric values are means of three extractions ± standard deviation (SD). The significance of the differences between measurements was assessed using one-way ANOVA performed in past software. [20] Differences at p < 0.05 were considered to be significant. Hierarchical cluster analysis (HCA) was applied (XLSTAT) to the standardized antioxidant content and activity data for fresh fruits and fruits after one year in frozen storage. Data standardization was performed by subtracting the mean value for each variable from each variable value and dividing by the SD.
RESULTS AND DISCUSSION
Fluctuations in the Phytochemical Content during One Year of Storage at −20
• C Fluctuations in the phytochemical content of 10 studied fruits are shown in Tables 1-3 . Frozen storage affected the TP, TF, and total anthocyanin (TA) contents in different ways, depending on the fruit type. The greatest fluctuation in the TP content was observed for strawberries, which have shown a 13% (377 ± 20 mg GAE/100 g FW) increase after 3 months of storage, followed by a 40% (199 ± 6 mg GAE/100 g FW) decrease after 6 months of storage in comparison to the initial value (335 ± 6 mg GAE/100 g FW). After one year at −20 • C, the TP content of strawberries, red currants, and raspberries increased significantly (19, 27 , and 10%, respectively), while that of hawthorn decreased (−24%) significantly (p < 0.05). The possible reason behind the decrease in TP for hawthorn could be oxidation, hydrolysis, or isomerization of polyphenolic compounds that takes place during long-term storage. Previous studies have pointed out that flavonoids, such as epicatechin and procyanidin B2, may become oxidized or isomerized in hawthorn during storage. [21] Sour cherries, blackberries, cornelian cherries, and red and white grapes exhibited significant fluctuations in the TP content during storage but after 12 months there was no significant change from the initial value. Our results differed from those of Chaovanalikit and Wrolstad [12] who reported a 50% decrease in the TP content of Bing cherries after 6 months in storage at −23
• C. González et al. [22] studied the effect of frozen storage on the TP contents of raspberries and blackberries and observed no change in raspberries after one year at −24 • C, but noted a significant decrease in blackberries. Also, Patthamakanokporn et al. [23] reported a different trend in the TP content of different fruits stored at −20
• C for 3 months; at the end of storage the TP content of guava and making decreased 
Note:
The values represent the mean of three independent determinations ± standard deviation. Different letters in the same column indicate significant (p < 0.05) differences
between the values for fresh fruits and fruits analyzed at different storage times. 
between the values for fresh fruits and fruits analyzed at different storage times. and that of maluod increased. A possible explanation for observed increases in the TP content of frozen fruits could be that polyphenolic compounds become more easily extractable due to degradation of cell structures during storage, while, on the other hand, the losses of TP can be related to an increase in the activity of polyphenol oxidase enzyme during storage. [9] Fluctuations observed in the TF content parallel the observations for the TP content. The greatest fluctuations were observed for red grapes whose TF content increased by 91% (65 ± 2 mg CE/100 g FW) after 3 months in storage, while at the end of storage the increase amounted to 62% (55 ± 4 mg CE/100 g FW) in comparison to the initial value (34 ± 2 mg CE/100 g FW). Sour cherries (26%), blackberries (20%), cornelian cherries (15%), and white (45%) and red grapes (62%) have also shown a significant increase in the TF contents, while strawberries (27%), raspberries (37%), and hawthorn (22%) exhibited significant decreases after one year in frozen storage. Storage stability of flavonoids greatly depends on the type of fruits but is also cultivar-dependent as reported by Bakowska-Barczak and Kolodzijczyk. [9] These authors quantified individual flavonoids and the total flavonoid content of 17 Saskatoon berry cultivars before and after 9 months of storage at −20
• C and found that flavonoid stability is greatly dependent on the cultivar. The same authors reported that quercetin-3-galactoside is the most stable, while quercetin pentosides are the most storagesensitive flavonoids in Saskatoon berries. The same group [24] reported that quercetin-glycosides are well preserved in frozen black currant, while myricetin and kaempferol concentrations decreased after 9 months in frozen storage.
Anthocyanins are a subgroup of phenolic compounds whose presence in the human diet has been associated with numerous health benefits, including antioxidant, antimicrobial, and anticancer effects. [2] The majority of berry fruits rich in anthocyanins, such as strawberries, blackberries, and raspberries, are consumed in the processed form after spending varying periods of time in frozen storage; thus, it is very important to study their stability. Comparable to the TP and TF contents, the TA contents of our studied fruits also exhibited fluctuations during one year in storage at −20
• C. Fluctuations in anthocyanin content were already reported by González et al. [22] for raspberries and blackberries. At the end of one year in frozen storage, the anthocyanin contents of these two fruits decreased slightly. We also noticed a slight decrease in the TA contents of blackberries at the end of storage but this decrease was not significant. Significant decreases were observed only in hawthorn (44%) and strawberries (23%). The stability of anthocyanins depends on the type of studied fruit as well as on the specific subgroup of anthocyanins. Losses in strawberry anthocyanins, reaching 34% at −18
• C and 18% at −24 • C after 90 days, were reported previously by Sahary et al. [25] Earlier, we reported losses in the TA content of hawthorn in storage at 4 and 25
• C, [13] indicating that the stability of hawthorn anthocyanins decreases during storage irrespective of the temperature. Previously, the studies of anthocyanin content of fruits in frozen storage were mostly focused on one fruit variety, and the authors reported decreases in cherries stored at −23
• C for 6 months [12] and black currants stored at −20
• C [24] for 9 months. However, anthocyanin stability was noted in highbush blueberries stored at −18
• C for 6 months. [11] In our study, cherries, cornelian cherries, and red grapes have shown a significant increase in the TA content (77, 17, and 58%, respectively) after one year in frozen storage. A similar trend was earlier reported for Saskatoon berry cultivars, Success, Quaker, and Pasture, where the increase in total anthocyanins was related to the increase in the amount of cyanidin-3-arabinoside in the fruit. [9] Fluctuations in Antioxidant Capacity during One Year of Storage at −20
• C
In order to assess the changes in antioxidant capacity of studied fruits, three well established methods for antioxidant activity testing were applied: the FRAP, DPPH, and ABTS assays and the data are shown in Fig. 1 . The choice of methods was based on their efficiency, accuracy, and reproducibility [26] and the fact that these methods were already successfully employed in our laboratory for determination of antioxidant capacity of a wide range of foods and beverages, [27−29] including fruits. [4, 13] Among all tested fruits, hawthorn exhibited the highest FRAP values at all measurement intervals (Figs. 1a and 1b) . During storage, the FRAP values for hawthorn ranged between 4.3 ± 0.1 Fe 2+ /100 g FW (2 months) and 6.4 ± 0.3 mmol Fe 2+ /100 g FW (3 months), while a 6% loss in reducing power was detected at the end of storage (5.9 ± 0.1 mmol Fe 2+ /100 g FW) in comparison to the initial value (6.3 ± 0.1 mmol Fe 2+ /100 g FW). Cherries, strawberries, blackberries, and red and white grapes all exhibited significant decreases in FRAP values at the end of storage (21, 25, 17, 57 , and 19%, respectively). Our findings for cherries are in accordance with the results of Chaovanalikit and Wrolstad, [12] who observed losses in the reducing capacity of Bing cherries: 58% after 6 months in storage at −23
• C. In the present study, hawthorn and cornelian cherries also showed losses in antioxidant capacity measured by the FRAP method at the end of storage, but these changes were not significant (p > 0.05). At the end of storage (12 months), red currants exhibited significantly higher antioxidant capacity (22%) while sour cherries and raspberries did not exhibit a significant change. Patthamakanokporn et al. [23] also used the FRAP method to evaluate the antioxidant capacity of guava, making, and maluod stored for 3 months at −20
• C. These authors observed significant fluctuations after 2 weeks, 1, 2, and 3 months of storage but after 3 months, the reducing capacity of guava was the same as in fresh fruit, while making and maloud exhibited a loss in activity.
The results of the ABTS radical scavenging assay have shown a slightly different trend (Figs. 1c  and 1d ). Red currants and blackberries exhibited increases in the ABTS radical scavenging ability while cherries, sour cherries, strawberries, and red grapes showed a significant (p < 0.05) decrease at the end of storage. Interestingly, cornelian cherries have shown significant losses in the ABTS radical scavenging capacity after 3, 6, and 9 months in storage but after 12 months their ABTS radical scavenging ability did not significantly differ from the initial value for fresh fruits (fresh: 5.5 ± 0.1 mmol TEAC/100 g FW; after 12 months: 5.5 ± 0.0 mmol TEAC/100 g FW). Blackberries exhibited alternating decreases and increases in the ABTS radical scavenging capacity throughout storage, but at the end of storage the increase amounted to 27% in comparison to the initial value for fresh fruits (fresh: 2.9 ± 0.2 mmol TEAC/100 g FW; after 12 months: 3.7 ± 0.4 mmol TEAC/100 g FW). Previously, the ABTS assay was used to assess the changes in radical scavenging capacity of black currants after storage for 9 months at −20
• C [24] and highbush blueberries after storage for 6 months at −18 and −35
• C. [11] Both groups of authors did not find changes in antioxidant activity mesaured by ABTS after frozen storage of tested fruits.
In contrast to the FRAP and ABTS assay results, fresh cornelian cherries showed the greatest initital and final DPPH radical scavenging potential among all 10 analyzed fruits (initial: 3.5 ± 0.1 mmol TEAC/100 g FW; after 12 months: 3.1 ± 0.1 mmol TEAC/100 g FW), [3, 12] although a consistent drop in antiradical capacity was observed at all time intervals. After 12 months in storage, the final loss in the radical scavenging potential comparison to the initial value amounted to 11%. A similar trend was also observed in hawthorn and white and red grapes, which exhibited 22, 9, and 35% losses, respectively, after one year in frozen storage. Sour cherries, cherries, strawberries, and blackberries showed a significant drop in the radical scavenging capacity after varying times in storage (sour cherries after 6 and 9 months, cherries after 2 and 3 months, and strawberries after 1, 2, and 6 months) but, at the end of storage, an overall increase in the DPPH radical scavenging capacy was observed in comparison to the values observed for fresh fruits. On the other hand, red currants and raspberries showed continual increases in the DPPH radical scavenging capacity throughout storage as well as at the end of the storage period (red currants 7-43%, raspberries 2-45%). The results parallel those previously reported for raspberry cultivars, Heritage, Autum Bliss, and Rubi, [22] which have shown stability in the DPPH radical scavenging capacity during one year in frozen storage.
Hierarchical Cluster Analysis (HCA)
In hierarchical cluster analysis, samples are grouped on the basis of similarities taking into account the information about class membership. The HCA was applied to antioxidant capacity data from all three assays as well as to the values for TP, TF, and TA contents of fresh fruits and fruits after 12 months in storage at −20
• C. It is evident from the obtained dendogram in Fig. 2 that the samples are distributed among four well-defined clusters (A, B, C, and D) based on their nearness or similarity. The same fruits, fresh and after 12 months of storage, are positioned in the same group with the exception of red currant. Fresh red currant is in group A together with strawberries, sour cherries, and raspberries, which are characterized by mild antioxidant capacity and lower TP, TF, and TA contents. After 12 months in storage, red currants are positioned in group D with blackberries and cornelian cherries, which have high antioxidant capacity. This grouping is due to a significant increase in the TP content and antioxidant capacity of red currants after one year in frozen storage. Hawthorn also exhibited high antioxidant capacity, but it is positioned alone in group C because of the highest TF content. Red and white grapes and cherries are in group B because they exhibited the lowest antioxidant capacity in all three assays as well as low TP and TF contents. HCA was already described as a useful technique for classification of different spices, [30] vegetables, fruits, [31] and kiwifruit cultivars [32] based on the antioxidant activity data and the content of antioxidant compounds.
CONCLUSIONS
Frozen storage for one year did not cause significant losses in the content of analyzed polyphenolic antioxidants in most analyzed fruits. After 12 months in storage significant decreases were observed in the TP, TF, and TA contents of hawthorn; TF and TA contents of strawberries; and TF content of raspberries. In all other fruits, there was either an increase or no significant change in the content of analyzed phytochemical groups. The greatest increase in comparison to the initial value was observed in the TA content of cherries after 12 months in frozen storage (77%). Observed fluctuations in antioxidant capacity depended greatly on the fruit variety but also on the method used for its evaluation. Only red currants and raspberries did not show a decrease in antioxidant capacity using all three methods and at all storage intervals (after 1, 2, 3, 6, 9, and 12 months), which puts these two fruit varieties among the most suitable for long-term frozen storage with respect to the optimal preservation of antioxidant capacity. In contrast, hawthorn has shown significant decreases in antioxidant capacity during storage and at the end of storage, which is in line with the observed losses in the TP, TF, and TA contents for this fruit variety.
